Abstract. The complete primary structure of an integral membrane glycoprotein of the nuclear pore was deduced from the eDNA sequence. The cDNA encodes a polypeptide of 204,205 D containing a 25-residue-long signal sequence, two hydrophobic segments that could function as transmembrane segments, and 13 potential N-linked oligosaccharide addition sites. Endoglycosidase H reduces the molecular mass by '~9 kD suggesting that not all of these 13 sites are used. We discuss possible models for the topology of this protein in the pore membrane as well as a possible role in the formation of pores and pore complexes.
gral membrane glycoprotein of the nuclear pore was deduced from the eDNA sequence. The cDNA encodes a polypeptide of 204,205 D containing a 25-residue-long signal sequence, two hydrophobic segments that could function as transmembrane segments, and 13 potential N-linked oligosaccharide addition sites. Endoglycosidase H reduces the molecular mass by '~9 kD suggesting that not all of these 13 sites are used. We discuss possible models for the topology of this protein in the pore membrane as well as a possible role in the formation of pores and pore complexes.
T H F. outer and inner membranes of the nuclear envelope are continuous with each other at distinct circular sites of "~90 nm in diameter, termed nuclear pores (15) . The nuclear pore is occupied by the nuclear pore complex, a supramolecular ensemble of an estimated mass of--50-100 x 106 D (for reviews see 14, 28) . Transport of proteins and nucleic acids in and out of the nucleus proceeds via the nuclear pore complex (7, 11 ).
An integral membrane protein of an estimated 190 kD containing asparagine-linked, high mannose-type oligosaccharides (gpl90) has recently been shown by immunoelectron microscopy to be associated with the nuclear pore complex (19) . The finding that gpl90 remains associated with nuclear pore complexes after solubilization of the nuclear envelope lipids with nonionic detergent suggests that gpl90 spans the pore membrane and possesses a domain exposed to the nuclear pore complex and a domain containing the asparagine-linked oligosaccharides exposed to the perinuclear cisternae. Association with the nuclear pore complex suggests that gpl90 may function in anchoring pore complex components to the pore membrane (19) .
Recently, Unwin and Milligan have examined the nuclear pore complex using Fourier averaging methods on negatively stained images (39) . They observed two "ring" structures composed of eight globular subunits lying parallel to the nuclear envelope, one on the cytoplasmic face and the other on the nucleoplasmic face of the nuclear envelope. Between these two rings, a set of eight "spokes" radiate in from the vicinity of the outer and inner membrane junction toward the center of the pore. These spokes surround a central "plug" located in the center of the pore complex. The pore complex is thus positioned around two axes of symmetry. A central axis showing octahedral symmetry passes through the central plug perpendicular to the surface of the nuclear envelope. The other axis is perpendicular to the central axis and essentially divides the pore complex into oppositely facing halves. If gpl90 was involved in anchoring one each of the eight subunits of the inner and outer ring (or spokes) of the pore complex, one would expect 16 copies of gpl90 per pore complex in good agreement with the estimated number of 16-24 gpl90 (18) .
As a step toward an understanding of the function of gpl90, we deduced the complete primary structure of gpl90 from the eDNA sequence. The primary structure reveals a polypeptide of • 204,205 D containing a cleaved signal sequence and two predicted transmembrane segments. On the basis of the primary structure and the mass of endoglycosidase H (Endo H)'-sensitive oligosaccharides on gpl90, the total estimated mass would be --210 kD. Therefore, we will refer to this protein as gp210. We discuss possible models for the topology of gp210 in the pore membrane as well as a possible role of gp210 in formation and elimination of pores and pore complexes.
Materials and Methods

Rat Liver Nuclei Isolation
Rat liver nuclei were isolated from 150-200-g Sprague Dawley rats after 20-24 h of starvation as described by Blobel and Potter (3) . The following modifications were incorporated into the isolation procedure. All solutions were buffered with 20 mM triethanolamine (TEA)-HCI, pH 7.5, and contained 0.5 mM PMSE The homogenization buffer was supplemented with 2.5 mM iodoacetamide. After homogenization and before ultracentrifugation the homogenate was made 5 mM in DTT. All subsequent buffers contained 1 mM DTT.
Isolation of gp210
The pore complex-lamina fraction or the urea/Nikkol-extracted nuclear envelopes were used as starting material for the isolation of gp210. Purification was performed using a strategy similar to that previously reported for the Drosophila melanogaster homolog of the rat gp210 (12) . Either of the above fractions were solubilized by heating at 56°C for 20 min in 2% SDS, 25 mM Tris-HCl, pH 7.5, 200 mM NaC1, 1 mM EDTA, 0.5 mM PMSE and 10 mM DTT at a concentration of 3-5 mg protein/ml. After cooling to room temperature, the sample was loaded onto a Sephacryl S-400 gel illtration column (Pharmacia Fine Chemicals, Piseataway, NJ), equilibrated, and eluted with 0.5% SDS, 20 mM NaPi, pH 6.8, 200 mM NaCI, 0.5 mM EDTA, and 1 mM DTT at room temperature. Fractions were analyzed by SDS-PAGE, and those containing gp210 were pooled. Pooled fractions were dialyzed at room temperature against 0.4% SDS, 25 mM TEA-HCI, pH 7.5, 200 mM NaCI, and 1 mM DTT. Dialyzed fractions were supplemented with Triton X-100 (2% final concentration), MgCI2 (1 mM final concentration), and MnCI2 (1 mM final concentration) and chilled on ice. This material was loaded onto a preequilibrated lentil lectin-Sepharose column (Pharmacia Fine Chemicals) at a concentration of ",~0.3-0.5 mg protein/ml, using "~l mg protein/ml of lectin-Sepharose. Loading was performed overnight at 4°C by continuously recycling the sample through the column at a flow rate of --4 ml/h. The column was then washed at 4°C with 25 column volumes of 2% Triton X-100, 0.4% SDS, 25 mM TEA-HCI, pH 7.5, 200 mM NaC1, 1 mM DTT, and 0.1 mM PMSE Elution was performed at room temperature using three column volumes of wash buffer supplemented with 1 M a-methylmannoside. Eluted fractions were analyzed by SDS-PAGE.
Fragmentation of gp210 by CNBr or Staphylococcus aureus I78 Protease
Fractions eluted from lentil lectin-Sepharose (above) were used for protein sequence analysis. Peak fractions containing gp210 were pooled and precipitated with 10% (wt/vol) TCA. Pellets were washed once with 5% TCA and 2 mM DTT and then twice with 90 % ethanol. The final pellets were used for CNBr or S. aureus V8 protease fragmentation. For CNBr digest, 100 p.g of protein was dissolved in 1.8 ml of 0.85 M CNBr in 70% (vol/vol) formic acid and incubated at room temperature for 24 h (20) . After incubation, 1 ml of water was added and the sample was lyophilized to dryness. The resulting fragments were separated on a 15 % urea-SDS-polyacrylamide gel (29) and electroeluted as described (23) . V8 protease (Boehringer Mannheim Biochemicals, Indianapolis, IN) digestions were performed as follows. 100/~g of protein was solubilized in 0.4% SDS, 250 mM Tris-HCI, pH 6.8, and 40 mM DTT. V8 protease was added to final concentration of 0.125 mg/ml, and the sample was incubated at room temperature for 1.5 h. Fragments were precipitated with 10% TCA, and the resulting pellet was washed three times with 90% ethanol. Peptides were then solubilized in 8 M urea and resolved by reverse-phase HPLC (Beckman Instruments, Inc., San Ramon, CA). Separation was achieved by sequentially resolving peptides on a C4 and then on a C8 column tz.1 x 30 nun; Brownlee Aquapore; Applied Biosystems, Inc., Foster City, CA). Peptides were eluted using a 2-h linear gradient of 0-50% acetonitrile in 0.1% trifluoroacetic acid.
Protein Sequencing
Selected peptides from CNBr and V8 protease cleavage, as well as intact gp210, were subjected to sequence analysis on a gas-phase protein sequenator (Applied Biosystems, Inc.).
RNA Methods
The rat hepatoma cell line N1SI (American Type Culture Collection, Rockville, MD) was chosen as the source for RNA. These cells can be grown as suspension cultures with a doubling time of •16 h. The cells were grown in DME (Gibco Laboratories, Grand Island, NY) supplemented with 10% FCS 0.1 mM MEM-nonessential amino acids (Gibeo Laboratories), and 5 mM glutamine. RNA was purified from l-liter cultures in mid log phase. Cells were pelleted and rapidly solubilized in 4 M guanidinium thiocyanate, 0.5% sodium laurylsarcosine, 25 mM EDTA, pH 7.5, 0.13% antifoam A (Sigma Chemical Co., St. Louis, MO) as described by Freeman et al. (16) . The resulting solution was homogenized in a tight-fitting Potter-Elvehjem homogenizer to shear the genomic DNA. The solution was then layered onto a CsCI gradient consisting of 3 ml of 5.7 M CsCI, 25 mM sodium acetate, pH 5.5, 10 mM EDTA (bottom) and 0.7 ml of 2.4 M CsCI, 25 mM sodium acetate, pH 5.5, 10 mM EDTA (top), and spun for 24 h at 20°C in a rotor (SW41; Beckman Instruments, Inc.) at 114,000 gay. The RNA pellet was poly A + selected by two cycles of oligo-dT cellulose (Boehringer Mannhelm Biochemicals) chromatography. For Northern blot analysis, poly A + RNA was separated on 1% agarose, 2.2 M formaldehyde gels and blotted to nitrocellulose (37) . Blots were probed with 32P-labeled oligonucleotides under conditions identical to those described for the screening of eDNA libraries (see below). RNA used in eDNA synthesis was prepared as follows. 100/~g of poly A + RNA in 10 mM Tris-HCl, pH 7.5, 5 mM EDTA was layered onto a 5-25% sucrose gradient in 10 mM Tris-HCl, pH 7.5, 5 mM EDTA and spun for 12 h at 140,000 gay in a rotor (SW41; Beckman Instruments, Inc.). For RNA size determination, sucrose gradient fractions were run on 1% agarose, 2.2 M formaldehyde gels and compared to a ladder of RNA markers (Bethesda Research Laboratories, Gaithersburg, MD).
Construction and Screening of Libraries
Both plasmid and h Zap libraries were constructed from 10/zg of sizefractionated poly A* RNA (4-10 kb range) from rat N1SI cells. For the plasmid library, eDNA was synthesized with random primers using the modified Gubler and Hoffman (22) procedure. After addition of Bst XI linkers (Invitrogen, San Diego, CA), the eDNA was size fractionated on a 1% alkaline agarose gel. eDNA in the size range of 1.5-10 kbp was electroeluted and ligated into the vector pTZISR-B (Invitrogen). Transfection of DH5,-competent cells (Bethesda Research Laboratories) yielded 250,000 colonies. The X Zap library was custom made by Stratagene (La Jolla, CA) using random and oligo-dT-primed first-strand synthesis.
Synthesis of a gp210-specific cDNA Probe
A specific double-stranded eDNA probe was synthesized based on a 40-amino acid sequence (termed p43-F4) of overlapping CNBr and V8 protease fragments (see Fig. 1 b) using modifications of a procedure described by Lee et al. (26) . The procedure uses the polymerase chain reaction (31) in a mixed oligonucleotide primed amplification of eDNA. Briefly, two partially degenerate oligonucleotide primers were synthesized based on the sense sequence of amino acids 1-6 (sense primer) and the antisense sequence of amino acids 31-36 (antisense primer) of p43-F4. Eight-nucleotide Eco RI and Hind III restriction enzyme linkers were added to the 5' end of the sense and antisense primers, respectively (see Fig. 2 ). Primers were purified on 15% acrylamide gels (32) . Using random primers, first-strand eDNA was synthesized from size-selected poly A* RNA derived from the rat hepatoma cell line NISI. The in vitro amplification was catalyzed with Taq polymerase (34) under the following conditions. Aproximately 0.1 #g of randomly primed, first-strand eDNA and 5 ~tg of both the sense and antisense primer mixtures were solubilized in 0.1 ml of 50 mM KCI, 10 mM Tris-HCI, pH 8.3, 1.5 mM MgC12, 0.01% gelatin, 0.2 mM each of dATE dCTP, dGTP, and dTTP, and 250 U of Taq polymerase (Perkin-Elmer Corp., Norwalk, CT). The sample was then overlaid with 0.1 ml of mineral oil and exposed to 25 cycles of denaturation (95°C for 1.5 min), annealing (45°C for 2.5 min), and polymerization (72°C for 3 min). The final polymerization step was performed for 7 min at 72°C. Reaction products were analyzed on a 7% acrylamide gel. The major h'agment of 123 bp was isolated from a low-melting agarose gel (NuSieve GTG; FMC BioProducts, Rockland, ME). The isolated fragment was then subcioned into pUCI9 (New England Biolabs, Beverly, MA) and sequenced.
Two additional amplification products of 567 (N43-amp) and of 543 bp (COOH-amp) were produced to confirm eDNA sequence information in specific regions of the gp210 reading frame (see Fig. 4 ). The amplification reaction was performed as described above with the following exceptions.
The time of polymerization was increased from 3 to 8 min with the final polymerization step extended to 10 min. Subsequent analysis was performed as described above. N43-amp was synthesized using a partially degenerate sense primer based on the first five amino acids of the amino terminus and a unique antisense primer based on the sequence IM3-F4 amplification product. COOH-amp was synthesized using unique sense and antisense primers generated from the sequence of a cDNA clone.
Screening of c D N A Libraries
Initial stages of cDNA isolation (see Fig. 4 ) were performed using a 77-mer oligonucleotide complementary to the sense strand of the IM3-F4 amplification product (termed 45). Oligonucleotide 45 was used to probed 250,000 reeombinants of the pTZ18R-B plasmid library described above. Replica lifts ~r e performed essentially as described (21) . Filters were prehybridized at 65°C for 1-3 h in a solution containing 50% formamide, 5× Denhardt's solution, 0.2% SDS, 50 mM NaPi, pH 7.7, 900 mM NaCI, 5 mM EDTA, and 100 #g/ml denatured salmon sperm DNA. Oligonucleotide 45 was labeled with X-[32p]ATP (Dupont Co., Boston, MA) using polynucleotide kinase (New England Biolabs). Hybridization was performed at 42°C for 24 h using ",3 × 105 cpm labeled oligonucleotide/ml hybridization buffer (prehybridization buffer with 250 #g/ml tRNA replacing salmon sperm DNA). Filters were washed three times at room temperature, and then twice at 60"C in a solution of I x SSC and 0.1% SDS. Positive colonies were purified and plasmid DNA was analyzed by restriction enzyme digestion and sequencing.
Using the sequence of one partial plasmid cDNA clone, 45-A1, and N43-amp, two 60-mer oligonucleotides were generated based on the sequence of the 5' end of N43-amp (oligonucleotide 48) and the 3' end of 45-A1 (oligonucleotide 47) (see Fig. 4 ). These probes combined were used to screen 1.5 million recombinants from an unamplified NISI eDNA library cloned into h Zap (Stratagene). Phage lifts were performed as described (1) . Prehybridization, hybridization, and washing steps were identical to those used for the plasmid clones, pBluescript SK(-)-containing eDNA inserts were rescued from plaque-purified clones as described by Stratagene. Restriction analysis and sequencing was performed on the resulting plasmid. These partial clones were again used to generate 60-mer oligonucleotides based on extreme 3' and 5' ends (oligonucleotides 49 and 50). The screening of the X Zap library was repeated as above. Clones representing the remainder of the complete eDNA were isolated and analyzed.
D N A Sequencing
DNA inserts from the pTZI8R-B plasmids were subcloned into M13mpl9. Single-stranded phage was recovered from cells containing pBluescript plasmids as described by Stratagene. Inserts were sequenced using synthetic oligonucleotide primers (35) under conditions used by Tabor and Richardson (36) . Sequencing of double-stranded templates was performed as described (30) .
Sequence Analysis
Hydropathy analysis (25) , secondary structure predictions (4, 17) , and amino acid sequence homology searches (27) were performed on an IBM Personal Computer using software obtained from DNASTAR, Inc. (Madison, Wl).
Endo H Treatment of Nuclear Envelope Polypeptides
Rat liver nuclear envelopes were salt washed with 500 mM KCI as described by Dwyer and Blobel (8) . Salt-washed nuclear envelopes (,o125 #g of total protein) were digested with 0.05 U of Endo H (Boehringer Mannheim Biochemicals) in 200 mt of 0.1% SDS, 100 mM sodium citrate, pH 5.5, 3 mM DTT, 0.5 mM PMSE 1130 kIU/ml aprotinin, and 0.25 /zg/ml each of chymostatin, antipain, pepstatin A, and leupeptin for 20 h at 37°C. A control incubation did not contain Endo H. Both reaction mixtures were analyzed by SDS-PAGE. Polypeptides were electrophoretically transferred to nitrocellulose (38) , probed with 14C-labeled Con A (10), and then visualized by fluorography as described (13) . Alternatively, blots were blocked with 3 % BSA in PBS and probed with a 1:200 dilution of rabbit anti-gp210 (generated against purified gp210) in PBS containing 0.1% Triton X-100, 0.02% SDS, and 1% BSA. Blots were washed four times with PBS containing 0.1% Triton X-100 and 0.02% SDS and then reincubated with a 1:1,000 dilution of 1251-protein A (Dupont Co.) in PBS containing 0.1% Triton X-100, 0.02 % SDS, and 1% BSA. Blots were again washed and then exposed to x-ray film for autoradiography at -80°C. Molecular weights were determined using protein standards (Bio-Rad Laboratories, Richmond, CA).
Results
Purification and Partial Protein Sequence of gp210
gp210 was purified f r o m rat liver n u c l e a r envelopes using gel filtration a n d lentil lectin affinity chromatography. Analysis of the purified protein by S D S -P A G E revealed a single protein b a n d of ~ 2 0 0 k D (Fig. 1 a) . T h i s purified protein was subjected to a m i n o -t e r m i n a l s e q u e n c e analysis (Fig. 1 b) . To obtain internal a m i n o acid sequences, gp210 was cleaved with cyanogen b r o m i d e or S. aureus V8 protease. After (sense primer) and amino acids 31-36 (antisense primer) of the 40-amino acid peptide sequence p43-F4. Eco RI and Hind III linkers were incorporated at the 5' ends of the sense and antisense primers, respectively (a). These primers were used with a cDNA template derived from size-fractionated RNA from N1S1 cells in an in vitro amplification reaction (see Materials and Methods). The products of this reaction were analyzed on 7% acrylamide gels and stained with 1/~g/ml ethidium bromide as shown in b, lane 2. Size markers (Msp I cut pBR322; New England Biolabs) are shown in lane 1. The major species running at '~123 bp was subeloned into pUCI9 and sequenced. The sequence of this product is shown in a along with the corresponding amplification primers and the translated amino acid sequence of the amplification product.
separating CNBr fragments by SDS-PAGE, several major bands were excised and electroeluted. Alternatively, fragments generated by V8 protease digestion were purified by reverse-phase HPLC. In both cases isolated fragments were subjected to automated Edman degradation. Partial amino acid sequence of several fragments are shown in Fig. 1 b. revealed an open reading frame matching the amino acid sequence of p43-F4 (Fig. 2 b) .
Northern Blot Analysis and Isolation of cDNA Clones
On the basis of the sequence of the p43-F4 amplification
Synthesis of the cDNA Probe
A single oligonucleotide probe was generated using variations of a method described by Lee et al. (26) . The procedure uses the polymerase chain reaction (31) in a mixed oligonucleotide primed amplification of cDNA. We applied this technique to a 40-amino acid stretch of overlapping peptide sequences from V8 protease fragment p43 and CNBr fragment F4 (termed p43-F4). Two 17-mer partially degenerate oligonucleotide primers were designed based on amino acids 1-6 (sense primer) and amino acids 31-36 (antisense primer) of p43-F4. A first-strand cDNA template was synthesized from poly A ÷ RNA isolated from the rat hepatoma cell line N1S1. Primers were then used in conjunction with the cDNA template in a Taq polymerase-driven in vitro amplification reaction (34) . The predicted product of this reaction is a double-stranded DNA molecule of 123 bp with termini corresponding to the 5' ends of the sense and antisense primers. As can be seen in Fig. 2 a the major product of the amplification reaction is ',,123 bp long. This band was isolated, subcloned into pUC19, and sequenced. Analysis of this sequence 
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+' :++ + "+~"+:+m' :' :":"r":' :+:' :' :+ +t ++"++ +" COOH-Imp product, a single 77-mer oligonucleotide was synthesized complementary to the deduced mRNA sequence. The 77-mer oligonucleotide was used to probe Northern blots of poly A+-selected RNA from N1S1 cells and identified a band of '~7 kb (Fig. 3) . This probe was used to screen a plasmid cDNA library derived from size-selected poly A + RNA. Three clones were identified of which one, 45-A1, showed two regions corresponding to known peptide sequences. This enabled us to use the 5' and 3' ends of 45-A1 to construct two 60-mer oligonucleotides. These oligonucleotides were in turn used to screen an unamplified k Zap cDNA library. Sequence information from positive clones was again used to synthesize flanking oligonucleotides with which the screening was repeated. 17 additional clones were isolated and partially sequenced. Flanking oligonucleotides were again synthesized and the screening procedure was repeated again. In total, 40 independent clones were isolated which spanned the complete cDNA of gp210. Of these, 10 clones were completely sequenced on both strands. The alignment of these clones and the positioning of the probes are shown in Fig. 4 . Included in this map are two amplification products, N43-amp and COOH-amp, which were subcloned and bidirectionally sequenced to confirm the cDNA sequences in regions where we did not have overlapping clones. Together, the eight partial clones and the two amplification products provide at least two independent sources of sequence data across the entire coding region of gp210.
Nucleotide Sequence
The overlapping clones establish a 6,964-bp contiguous sequence ( Fig. 5) with the following features. 2 Near the 5' end, and ATG initiation codon at nucleotide +1 is flanked by an A at position -3 and a G at position +4 consistent with the most highly conserved bases found at eukaryotic translational start sites (24) . The length of the 5' untranslated leader was verified with primer extension analysis. This analysis in- 
Amino Acid Sequence
Beginning with the initiator methionine, the eDNA codes for a polypeptide of 1,886 amino acids with a calculated molecular mass of 204,205 D (without carbohydrate) (Fig. 5) . Nine peptide sequences, totaling 177 amino acids, align with the sequence deduced from the eDNA. These peptide sequences are uniformly distributed along the sequence verifying the authenticity of the cDNA clones.
The hydropathic character of the deduced amino acid sequence of gp210 was examined as shown in Fig. 6 . The mean hydropathy within a 19-amino acid window was calculated using the values of Kyte and Doolittle (25) . When plotted against the residue number, three peaks of hydrophobicity emerge with values >1.5. The first peak, with a value of 1.54, lies at the amino terminus. The 25 amino acids comprising this hydrophobic domain agree well with the established structural characteristics of a signal sequence (40) . The sequence Ala-Val-Ala at positions 23-25 is consistent with the (-3,-1) rule for signal peptidase cleavage sites (41). This is followed by amino acid 26, which begins a stretch of amino acids matching the amino-terminal protein sequence of gp210.
The two major peaks of hydrophobicity are seen near the carboxy terminus at positions 1,495 and 1,818. Their mean hydrophobicity values are 2.27 and 2.25, respectively. Based on these values, it is possible that these amino acid segments function as transmembrane domains (25) .
Between the amino terminus and the first predicted transmembrane domain there are 13 potential sites (NXS/T) for N-linked oligosaccharide addition. The binding of gp210 to Con A (19) indicates that at least some of these sites are Amino Acid Residue Figure 6 . Hydropathy profile of gp210. Hydropathic values of individual amino acids were averaged within a 19-amino acid sliding window as described by Kyte and Doolittle (25) . Mean values were assigned to the middle amino acid residue and plotted against the residue number. Peaks of hydrophobicity corresponding to the signal sequence (SS) and the two predicted transmembrane domains (TM/and TM2) are indicated.
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glycosylated. We show in Fig. 7 b, lane 2, that Con A binding to gp210 can be nearly abolished by treating SDS-solubilized nuclear envelopes with Endo H. Immunoblots of these fractions suggest Endo H-sensitive carbohydrates contribute '~9 kD to the mass of gp210 (Fig. 7 b, lanes 3 and 4) , implying that only a fraction of the available N-linked glycosylation sites are used. These results are similar to those obtained for the Drosophila homolog (2a). An examination of the deduced amino acid composition of the total protein reveals no unusual features (6) . However, the region on the carboxy-terminal side of the second putative transmembrane domain, containing the carboxy-terminal 58 amino acids, is relatively rich in serine, alanine, and, more strikingly, proline and histidine. Within this domain, a structural motif of P X~ P X6 P X6 P X~ P lies just before the carboxy terminus. Interestingly, this 58-amino acid domain also contains an H X2 C X~8 H X2 H motif. This is similar to a general sequence motif found in a variety of metal ion-binding proteins (2) . However, to date no such function has been described for gp210.
We have used the methods Garnier et al. (17) and Chou and Fasman (4) to predict the overall secondary structural characteristics of the deduced amino acid sequence. Neither method reveals a prevalence of o~-helical or extended B-sheet conformations. Additionally, dot-matrix searches reveal no evidence of internally repeated sequences of significant length. Finally, searches against currently available protein data bases reveal no significant homology.
Discussion
We present here the primary structure for a previously identiffed integral membrane protein of the nuclear pore (termed gp210). The primary structure consists of 1,886 amino acids with a predicted polypeptide mass of 204,205 D. The subtraction of,',,3 kD for signal sequence removal and the addition of '~9 kD of carbohydrate raises the predicted mass to 210 kD. This value is 10-20 kD larger than that estimated by SDS-PAGE.
Beginning with the amino terminus of mature gp210 we have arbitrarily divided the amino acid sequence into three seqments (A, B, and C) separated by two predicted transmembrane segments (TM1 and TM2) as shown in Fig. 8 . Starting at the signal peptide cleavage site at amino acid 26 and continuing for 1,481 amino acids, an '~161-kD segment (segment A) precedes the first predicted transmembrane segment. Contained within this region are all 13 potential acceptor sites (NXS/T) for N-linked oligosaccharides. It has been shown previously that gp210 contains high mannose-type oligosaccharides based on its ability to bind Con A (19) . We have shown independently, using Endo H treatment, that these carbohydrate moieties represent ,~9kD of the total mass of gp210. These data imply that only a fraction of the potential N-linked oligosaccharide addition sites are actually used. Segment A, with "o9 kD of oligosaccharide attached, would contribute ,'~170 kD of mass to gp210. This is supported by protease experiments in which mild trypsinization releases a Con A-binding domain of gp210 from unsealed rat liver nuclear envelopes of an estimated mass of 180 kD (data not shown). Similar results have been obtained with papain digests of nuclear envelopes (Gerace, L., personal communication). In both cases, the protease would presumably cleave the molecule near the first putative transmembrane segment during the initial stages of digestion.
At the carboxy-terminal end of segment A lies the first predicted transmembrane segment. This is followed by a 304-amino acid (33 kD) region, segment B, which leads to the second predicted transmembrane segment. This second transmembrane segment precedes a 58-amino acid carboxyterminal tail (segment C). The deduced amino acid composition of segment A and B are quite similar. Segment C, however, is relatively rich in alanine, serine, histidine, and proline. Most striking is the number of prolines including a P X6 P X6 P X6 P X6 P motif near the carboxy terminus. The abundance of prolines is likely to impart a degree of rigidity and, on the basis of secondary structure analysis (4, 17) , numerous turn~ on this segment. A comparison of this region to available data bases reveals no significant similarities that might provide clues to its function. such that segment B forms a loop structure on the pore side of the nuclear membrane and segment C extends back into the perinuclear space. With these models in mind, it is interesting to note that TM1 is contained within the latter half of a relatively hydrophobic stretch of 41 amino acid residues (1,469-1,509). Hydropathy analysis reveals two overlapping hydrophobic peaks within this region (Fig. 6 ). In this stretch there are only two charged residues. This differs from the environment surrounding TM2 which is more tightly bordered by charged amino acid residues, a characteristic often associated with transmembrane segments (5) . The adjacent positioning of the two hydrophobic segments within 41 residues may provide a basis for the cooperative interactions of both segments with the lipid bilayer (9) . Such an interaction could potentially serve to significantly disrupt the membrane and, if juxtaposed to an adjacent membrane, act to initiate membrane fusion. A fusion event would be required for pore formation (see below).
It has previously been proposed that gp210 might be involved in anchoring the pore complex to the nuclear membrane (19) . The presence of predicted transmembrane segments in the primary structure further supports this idea by positioning a portion of gp210 on the pore side of the nuclear membrane. If involved in an anchoring function, gp210 would be positioned to either directly or indirectly influence 
II
Previous data suggested that gp210 is an integral membrane protein (19) , implying that it contains at least one transmembrane segment. Our primary structural data suggest that gp210 contains two transmembrane segments. We propose three possible models for the topology of gp210 in the nuclear membrane. The models use either the first (model I), the second (model II), or both (model III) predicted transmembrane segments. All three models place the large glycosylated segment A within the perinuclear space. Model I shows gp210 anchored to the nuclear membrane via the first transmembrane segment with segment B, the second predicted transmembrane segment, and segment C on the pore side of the nuclear membrane. Model II anchors gp210 to the membrane using only the second predicted transmembrane segment and, thus, places segment B on the cisternal side of the membrane. In this model only the 58-amino acid-long segment C would extend towards the pore. Model III suggests that both predicted transmembrane segments are used, Figure 8 . Models for the topology of gp210 in the nuclear membrane. Three possible models for the topology of gp210 using the first (model I), the second (model II), or both (model III) predicted transmembrane segments (TM1 and TM2) are shown schematically. In all models gp210 is positioned at the nuclear pore; i.e., at the junction between the inner and outer nuclear membranes. The segments of gp210 as described in the text are indicated as follows. (m) Segment A; (B) segment B; (FJ) segment C. Glycosylation of segment A is schematically shown by arrowheads. Based on the twofold symmetry in the plane of the envelope and the perpendicular eighffold symmetry of the nuclear pore complex,, there could be 16 molecules of gp210 per nuclear pore. For this reason we have drawn two molecules per model. nuclear pore formation. Since pores and pore complexes identical to those found in the nuclear envelope are also observed in annulate lamellae, gp210 would be expected to perform a similar function within these organelles.
The primary structure of gp210 raises certain questions about the biosynthesis and subsequent integration of this protein into the ER membrane. The first 25 After integration into the ER membrane, gp210 might be recruited into an octameric patch (see introduction) by lateral diffusion in the plane of the membrane. Patch formation could potentially be triggered by association with components of the pore complex. Two such patches in the ER membrane or the nuclear envelope, where superimposed within adjacent bilayers, may lead to focalized membrane fusion giving rise to transcisternal pores in either annulate lamellae or the nuclear envelope. Thus, gp210 may play a fundamental role not only in the anchorage of the pore complex but also in the formation of pores in the nuclear envelope and annulate lamellae.
